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La0.6Sr0.4Co0.2Fe0.8O3−δ-Ce0.8Gd0.2O1.9 (LSCF–CGO) thin films obtained by spray pyrolysis of a single precursor
solution were investigated by XRD, TEM and impedance spectroscopy at annealing temperatures ranging from
500 to 900 °C. Films annealed at 600 °C contained a mixture of amorphous regions and crystalline regions
composed of fine crystallites (b5 nm). Annealing above 600 °C increased the ratio of crystalline to amorphous
material, led to the segregation of the films into distinct LSCF and CGO phases, and promoted grain growth.
The electrical behavior of the films depended on annealing temperature. At testing temperatures of 400 °C and
below, the polarization resistance of films with lower annealing temperatures was larger than the polarization
resistance of films with higher annealing temperatures. However, at testing temperatures of 500 °C and above
the polarization resistance of films with lower annealing temperatures was equal to or lower than the polariza-
tion resistance of films with higher annealing temperatures. This was reflected by the activation energy that
decreased with increasing annealing temperature. The varying electrical behavior may be related tomicrostruc-
tural changes that caused bulk diffusion to be the rate-limiting step in films with lower annealing temperatures
and oxygen dissociation to be the rate-limiting step in films with higher annealing temperatures.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
In contrast to conventional SOFC systems designed for stationary
applications, microscale SOFCs, having submicron thickness compo-
nents enabling operating temperatures of 400–600 °C, are being inves-
tigated for incorporation into portable electronic devices [1–4].
Microscale SOFCs consist of freestanding electrolyte and electrode
layers, their processing relying on thin film deposition techniques and
microfabrication technology. Thin films are needed to minimize ohmic
losses and maximize cell power output, and must cover a large area
relative to their thickness. For example, freestanding cells having a
thickness of 200 nm and an area of 240×240 μm processed by Huang
and coworkers [2] have a size to thickness ratio of about 1000. Such
high aspect ratios challenge the structural stability of the membranes
due to residual compressive or tensile stresses during microfabrication,
and tensile stresses upon annealing at elevated temperatures [3].
Consequently, the maximum processing temperatures of microscale
SOFCS are limited to 600 °C to minimize membrane cracking [1–4].
Pt or LSCF cathodes are commonly employed in microscale SOFCs
[1,2,4], and as in conventional SOFCs the cathode accounts for most of
the power losses [1,2]. Angoua and Slamovich recently used spray
pyrolysis to fabricate LSCF–CGO composite thin films from a single
precursor solution. After annealing at 700 °C the LSCF–CGO films
displayed a lower polarization resistance at testing temperatures of
350–600 °C compared to LSCF [5].
This study focuses on the effects of the post-deposition annealing
temperature on the microstructure and electrical properties of LSCF–
CGO films processed using spray pyrolysis. This is in part an effort to
assess the feasibility of using annealing temperatures of 600 °C and
lower to maintain thin film structural stability as discussed above,
while still achieving a sufficiently low polarization resistance to
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maximize the voltage and power output. Further, this study relates to
recent work by Gauckler and coworkers who examined the structural
evolution of CGO thin films during crystallization with increasing
annealing temperature [6]. In addition to the amorphous to crystalline
transformation, LSCF–CGO films processed from a single solution also
must segregate into distinct phases. This study characterizes themicro-
structure and electrical properties of thefilms during crystallization and
subsequent grain growth with increasing annealing temperature.
2. Experimental procedure
2.1. LSCF–CGO film deposition
LSCF–CGO films were deposited on Zr0.92Y0.08O1.96 (YSZ) substrates
heated at 235 °C. Polycrystalline YSZ substrates were fabricated from a
commercial tape (Electroscience 42401, nominal thickness 120 μm).
Circles 2.8 cm in diameter were cut from the tapes, stacked into a
2.8 cm cylindrical die, and laminated at 93 °C and 105 MPa for 30 min.
The resulting substrates were heated in air at 1 °C/min to 650 °C and
then at 2 °C/min to 1500 °C achieving 98% of theoretical density as
measured using Archimedes’ method. The sintered laminates were
2.3 cm in diameter with a thickness of 0.13 cm. The dense substrates
were ultrasonically cleaned in ethanol before film deposition.
Spray pyrolysis was conducted by feeding the precursor solution at
0.34 mL/min into an airbrush (Iwata HP-BC plus 5001) using a syringe
pump (Sage Orion M361 from Electron corporation), plastic syringe
and tube. The LSCF–CGO precursor solution was obtained by dissolving
La(NO3)3·6H2O, Sir(NO3)2, Co(NO3)2·6H2O, Fe(NO3)3·9H2O, Ce(NO3)6,
and Gd(NO3)3·6H2O (all 99% purity) in a 2:1:1 volume ratio mixture of
ethanol (200 proof), diethylene glycol butyl ether and diethylene glycol
methyl ether. All solvents and metal salts were purchased from Sigma
Aldrich. Two solutions were prepared, one a precursor for La0.6Sr0.4-
Co0.2Fe0.8O3−δ, the other for Ce0.8Gd0.2O1.9, and both having a total
salt concentration of 0.04 M. To deposit LSCF–CGO films, the solutions
were thoroughly mixed before spraying in the desired molar ratio of
LSCF to CGO. The solutions were mixed to produce deposited films
containing 59 vol.% LSCF and 41 vol.% CGO (59LSCF–41CGO).
Deposition was performed by positioning the airbrush 20 cm above
the substrate with the airbrush nozzle fully-opened. An air pressure of
0.14 MPa was used to atomize the precursor solution. The substrate
temperature was controlled using an aluminum block (13×13×6 cm)
placed on a hot plate. A K-type thermocouple inserted in a hole drilled
through the aluminum was used to measure the block temperature.
To ensure temperature stability of the substrate the precursor solution
was deposited cyclically, 40 s of spraying followed by 40 s without
spraying. To avoid transients in droplet size associated with pressuriz-
ing the deposition nozzle, the air brush sprayed continuously, and an
automated mechanical arm with an aluminum shield was used to
mask and unmask the deposition area in 40 second intervals. The
substrates were placed on the aluminum block and allowed to
equilibrate for 1 h prior to film deposition. Temperature measurements
with a surface-probe thermocouple indicated that the YSZ substrates
reached the temperature of the aluminum block within approximately
20 min.
After deposition, the films were annealed in air, heating at 3 °C/min
to temperatures ranging from500 to 900 °C. A 4 h dwell was performed
at the annealing temperature before cooling down to room temperature
at 3 °C/min.
2.2. Microstructure characterization
LSCF [7] and CGO [JCPDS 75-0162] phases were identified by X-ray
diffraction (Bruker D8 Focus, Cu Kα source λ=0.15406 nm) using a
scan rate of 2°/min and slit size of 0.963°. Increasing the signal to
noise ratio to facilitate XRD analysis was accomplished by processing
relatively thick (1 μm) LSCF–CGO films.
Themicrostructure of the LSCF–CGO filmswas analyzed using an FEI
Tecnai T20 transmission electron microscope (TEM) operating at
200 kV and an FEI Titan 80/300 field emission TEM operating at
300 kV. Standard brightfield (BF), centered darkfield (DF), and selected
area electron diffraction patterns (SAEDP) were obtained. Additionally,
nanoprobe diffraction in the Titan TEM was carried out using a 15 nm
diameter nanoprobe. Nanoprobe diffraction enables the analysis of
significantly smaller volumes of material than can be analyzed using
standard selected area diffraction. Typically, the smallest region that
can be analyzed by SAEDPs is a cylindrical volume with diameter
0.4 μm and thickness equal to the TEM sample thickness [8], which is
about 700 times larger than the volume analyzed by nanoprobe diffrac-
tion in the present work. The smaller volume analyzed by nanoprobe
diffraction enhances the ability to distinguish between nanocrystalline
and amorphous materials.
The TEM samples were prepared by the focused ion beam (FIB) in-
situ lift-out technique using an FEI xT Nova Nano Lab 200 DualBeam
focused ion beam/scanning electron microscope (FIB/SEM). Before lift-
out, Au/Pd was sputter deposited on the LSCF–CGO film to reduce
charging. During lift-out, an additional protective layer of Pt was
applied to the sample using in-situ ion-beam assisted chemical vapor
deposition. The cross-section was lifted out using a micromanipulator
and attached to a Cu TEM half-grid. The thickness of the cross-section
sample was reduced to about 100 nm during final thinning.
Fig. 1. XRD patterns of 59LSCF–41CGO films annealed from 500 to 900 °C for 4 h.
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2.3. Electrical characterization
LSCF–CGO thin films were deposited through a mask having two
square apertures (1×1 cm) creating two electrodes on each YSZ
substrate. The deposition was repeated symmetrically on the opposite
substrate surface, resulting in two sets of cathodes each with an area
of 1 cm2. The cells were contacted with silver paste (ElectronMicrosco-
py Science), silver mesh and wires (Alfa Aesar), and then fired in air at
600 °C for 2 h to sinter the silver paste. For films annealed at 500 and
550 °C, the silver current collector was fired at 500 °C before testing.
Electrical characterization was performed on the symmetrical cells in
air between 350 and 600 °C via impedance spectroscopy using a Solar-
tron Impedance Analyzer SI 1252 and Electrochemical Interface SI 1287.
The measurements were performed at open circuit voltage and with
50 mV perturbation amplitude in the 300 kHz to 0.01 Hz frequency
range.
The Zview software was used to fit the impedance data to models
implying different rate-limiting mechanisms. The relevance of the
models was examined through the residual sum of squares and inter-
val of confidence of parameters. A model developed for porous LSC
cathodes and based on colimitation of surface exchange and bulk
diffusion [9,10] was selected based on lowest sum of squares
(5×10−7) and small interval of confidence of parameters (1–6%).
This model uses a Gerischer element Eq. (1). Rc and tc are the param-











3. Results and observations
3.1. LSCF–CGO thin film microstructure
The crystallization and phase segregation of 59LSCF–41CGO
cathodes obtained from a single precursor solution was observed via
XRD of films annealed at 500–900 °C (Fig. 1). The films annealed at
500 and 600 °C did not display distinct LSCF and CGO peaks. At 700 °C,
distinct LSCF reflections at 40 and 58° were observed while CGO was
represented by reflections at 28 and 56°. At 800 °C and above regions
of LCSF–CGO overlap (32 and 47°) resolved into distinct LSCF and CGO
peakswith the grain size, determined frompeak broadening, increasing
from 15 nm at 700 °C to 50 nm at 900 °C [5]. The observed grain size is
consistent with previous experiments on LSCF–CGO films showing that
the addition of CGO suppressed grain growth in LSCF [5].
TEM images and electron diffraction patterns from the 59LSCF–
41CGO films illustrate two trends that occur during annealing. First,
the grain size increases with increasing annealing temperature. Second,
59LSCF–41CGO films annealed at temperatures between 600 and
850 °C are composed of amixture of amorphous and crystallinemateri-
al, and the amount of crystalline material increases with increasing
annealing temperature at the expense of the amorphous material.
The increase in grain size with annealing temperature is best seen in
the dark field (DF) cross-section TEM images (Fig. 2A–C) and may also
be seen in the bright field (BF) cross-section TEM images (Fig. 3A–C).
The grain size ranges from about 2 to 3 nm at 600 °C, 5 to 15 nm at
700 °C, and 20 to 30 nm at 850 °C. The selected area electron diffraction
patterns (SAEDPs) (Fig. 3D–F), also illustrate the trend of increasing
grain size with increasing annealing temperature. Diffuse diffraction
rings appear at 600 °C, indicating crystalline material with very small
grains. Diffraction rings consisting of diffuse rings with some individual
diffraction spots appear at 700 °C, indicating very small grains inter-
mixed with larger grains. The SAEDP at 850 °C consists of individual
diffraction spots, indicating yet another increase in grain size.
The BF and DF TEM images of the 59LSCF–41CGO film annealed at
600 °C suggest that the top ~20 nm of the film is amorphous. The stan-
dard SAEDP of the 600 °C film exhibits a diffuse background which also
suggests that the films contain amorphous material. However, the TEM
images and SAEDPs do not conclusively demonstrate the existence of
amorphous material. Therefore, nanoprobe electron diffraction was
carried out in the TEM using a 15 nm diameter electron probe.
The nanoprobe electron diffraction patterns are shown alongside
the DF TEM images in Fig. 2. They indicate that the 59LSCF–41CGO
films annealed at all three temperatures contain both amorphous and
nanocrystalline material. At 600 °C, the film is a bilayer in which the
top layer is amorphous and the bottom layer is a mixture of crystalline
and amorphous material. The top ~20 nm of the film is amorphous, as
indicated by the two diffuse rings in the nanoprobe diffraction pattern
in Fig. 2-a.1. These two diffuse rings are not obvious in the SAEDP due
to the intensity contribution of the crystalline material. The bottom of
the 600 °C film is a mixture of crystalline and amorphous material, as
shown by the nanoprobe diffraction pattern in Fig. 2-a.2. The nanoprobe
Fig. 2. Dark field cross-section TEM images (A–C) and nanoprobe electron diffraction
patterns (a.1–c.2) of 59LSCF–41CGO films annealed at 600 °C, 700 °C, and 850 °C.
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diffraction pattern in Fig. 2-a.2 is invariant with probe location, suggest-
ing that the amorphousmaterial is distributed uniformly on the scale of
the nanoprobe diameter.
The nanoprobe diffraction patterns demonstrate that the films
annealed at 700 °C and 850 °C also contain crystalline and amorphous
material, but with different spatial distributions. For films annealed at
700 °C, nanoprobe diffraction patterns from different locations in the
TEM sample are all similar — they consist of polycrystalline diffraction
rings and spots superimposed on amorphous diffuse rings, as shown
in Fig. 2-b.1. Therefore, it is concluded that the 700 °C sample is a uni-
form mixture of crystalline and amorphous material. In contrast, the
amorphous material in the film annealed at 850 °C is distributed non-
uniformly on a scale similar to the size of the nanoprobe. Nanoprobe dif-
fraction patterns from some regions of the 850 °C film, e.g. Fig. 2-c.2, are
similar to those from the film annealed at 700 °C, i.e., they contain both
diffuse amorphous rings and individual diffraction spots from crystal-
line grains, while nanoprobe diffraction patterns from other regions in
the 850 °C film, e.g. Fig. 2-c.1, lack the diffuse amorphous rings, indicat-
ing nanocrystalline material with no amorphous material.
In a study of pure CGOfilms, Rupp and coworkers employed a series of
bright field TEM images at different sample tilt angles to quantify the
relative amounts of amorphous and crystalline material in films
processed by spray pyrolysis [11]. Although quantification of the
amorphous-to-crystalline ratio was not attempted in the present work
on 59LSCF–41CGO, the nanoprobe diffraction results demonstrate that
the trend of microstructure evolution during annealing in the two phase
59LSCF–41CGOsystem— an increase in crystalline content andadecrease
in amorphous contentwith increasing annealing temperature— is consis-
tent with the trend that Rupp and coworkers observed in pure CGO [11].
The TEM SAEDPs were examined to determine if the LSCF and CGO
crystalline phases nucleate at different annealing temperatures. It was
not possible to draw conclusions from the SAEDP images directly, so
radial integration of the SAEDPs was performed and is shown in Fig. 4.
The electron diffraction patterns in Fig. 4 suggest that the crystalline
CGO phase nucleates during annealing at 600 °C while the crystalline
LSCF phase does not nucleate until an annealing temperature of
700 °C, as evidenced by the appearance of distinct, isolated LSCF peaks
in the 700 °C film which do not exist in the 600 °C film. These LSCF
Fig. 3. Bright field cross-section TEM images (A–C) and selected area electron diffraction patterns (SAEDP) (D–F) of 59LSCF–41CGO films annealed at 600 °C, 700 °C, and 850 °C.
Fig. 4. Electron diffraction patterns obtained by radial integration of SAEDPs in Fig. 3 (D–F) for 59LSCF–41CGO films annealed at 600 °C, 700 °C, and 850 °C.
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diffraction peaks are the (011), (002), (022), ð1 ̅12Þ, (013), and (223)
peaks. The suggestion that crystalline CGO and LSCF phases nucleate
at different annealing temperatures is made with caution, however,
because the LSCF diffraction peaks in question have a low relative inten-
sity and therefore a small amount of crystalline LSCF might exist in the
sample annealed at 600 °C and the diffraction peaks could simply be lost
in the noise.
3.2. Electrical characterization
The polarization resistance of films annealed at 100 °C intervals
from 500 to 900 °C was measured for testing temperatures ranging
from 350 to 600 °C (Fig. 5). Data for films annealed at 550, 650, 750
and 850 °C were not included for clarity, but follow the same trends
and reside within the envelope defined by the data in Fig. 5. The
resistance data was fit to an exponential function to determine the acti-
vation energy for each annealing temperature (Fig. 6). Also, using the
fitted function the resistance at different testing temperatures was
replotted as a function of film annealing temperature (Fig. 7). Two
trends are evident from the data. First, the activation energy decreases
with increasing annealing temperature, beginning to drop from
1.45 eV at 550 °C before leveling off at 1.05 eV for annealing tempera-
tures of 800 °C and above (Fig. 6). Second, at testing temperatures of
400 °C and below, the polarization resistance of films with lower
annealing temperatures is larger than the polarization resistance of
films with higher annealing temperatures (Fig. 7). However, at testing
temperatures of 500 °C and above the polarization resistance of films
with lower annealing temperatures is equal to or lower than the polar-
ization resistance of films with higher annealing temperatures. A
Fig. 5. Resistance as a function of testing temperature for 59LSCF–41CGO films annealed
from 500 to 900 °C.
Fig. 6. Activation energy of Rc and tc for 59LSCF–41CGOfilms annealed from500 to 900 °C.
Fig. 7. Resistance of 59LSCF–41CGOfilms as a function of annealing temperature at testing
temperatures of 300, 400, 500 and 600 °C. Data obtained from curve fits of resistance data
in Fig. 5.
Fig. 8. Resistance as a function of testing temperature for LSCF films annealed at 500,
700 and 900 °C.
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decrease in activation energy with increasing annealing temperature
was not limited to LSCF–CGO composites. The resistance of pure LSCF
films fabricated by spray pyrolysis and annealed at 500, 700 and
900 °C follow the same trends as the composite cathodes (Fig. 8).
Themixture of low annealing temperatureswith higher testing tem-
peratures can be problematic for selected data in Fig. 5. Specifically,
when measuring electrical properties at 600 °C, films annealed at
500 °C undergo microstructural changes during testing that may affect
the electrical properties. For example, at testing temperatures above
600 °C pure LSCF films annealed at 500 °C displayed a drop in resistance
below the trend line established at lower testing temperatures (Fig. 8).
Similar drops were not observed for pure LSCF films annealed at 700
and 900 °C. That said, the measured resistance should be asymptotic
with the data collected for films annealed at 600 °C as shown in Fig. 5.
Further, the trend displayed at the 600 °C testing temperature, viz.,
between 500 and 800 °C there is little change in cathode resistance
with annealing temperature, is also present at the 500 °C testing
temperature at which themicrostructure is stable regardless of anneal-
ing temperature.
The tc time constant increased with increasing testing temperature
in the 350–600 °C range for 59LSCF–41CGO films annealed from 500
to 900 °C (Fig. 9). Data for films annealed at 550, 650, 750 and 850 °C
were not included for clarity, but follow the same trends and reside
within the envelope defined by the data in Fig. 9. The activation energy
of the time constant decreased from nearly 1.6 eV to less than 1.0 eV as
the annealing temperature increased from 500 to 900 °C, following a
trend similar to the polarization resistance (Fig. 6). Aswith the polariza-
tion resistance, the trend displayed by the tc time constant as a function
of annealing temperature varied depending on the testing temperature
(Fig. 10). Testing temperatures of 300 °C and 600 °C displayed decreas-
ing and increasing tc values, respectively, with increasing annealing
temperature. At testing temperatures of 400 °C and 500 °C there was
relatively little change in tc with film annealing temperature.
4. Discussion
The electrical characterization of the 59LSCF–41CGO thin films
showed that the effect of annealing temperature on film resistance
depended on the temperature at which the measurements were
performed (testing temperature). For testing temperatures of 300 and
400 °C, film resistance decreased with increasing annealing
temperature reaching aminimum at 800 °C followed by increases in re-
sistance for films annealed at 850 and 900 °C. For testing temperatures
of 500 and 600 °C, film resistance was independent of annealing tem-
perature in the 500–800 °C range with larger resistance values for
films annealed at 850 and 900 °C. This difference in resistance behavior
is reflected by the higher activation energy observed infilmswith lower
annealing temperatures (Fig. 6).
In recent years several studies have been completed related to the
processing and properties of dense thin film cathodes for micro-
SOFCs. Beckel et al. [10] performed impedance spectroscopy on pure
LSCF thin films (500 nm thickness) deposited by spray pyrolysis on a
CGO electrolyte and annealed at 650 and 800 °C. They observed an
increase in polarization resistance with increasing annealing tempera-
ture, and attributed the change to microstructural coarsening associat-
ed with grain growth, and resulting in a decrease in surface area and
triple phase junction density. These observations are consistent with
the research described above, but address only the upper temperature
range examined.
Januschewsky et al. [12] used pulsed laser deposition (PLD) to
deposit La0.6Sr0.4CoO3− δ (LSCO) onto single crystal YSZ substrates.
They examined the role of deposition temperature observing that the
polarization resistance measured at 600 °C was very low for films
deposited between 350 and 510 °C, and then steadily increased with
increasing deposition temperature. They also observed that annealing
the 200 nm thickness films in air at 600 °C for 17 h did little to change
the polarization resistance. Their XRD work indicated that amorphous
films deposited at 470 °C remained amorphous after heating in air for
72 h at 600 °C. They concluded that the activity for oxygen incorpora-
tion of the amorphous LSCO surfaces was high relative to crystalline
LSCO surfaces. Chen et al.'s 1999 study of LSCO films deposited by PLD
onto YSZ substrates showed that a deposition temperature of 550 °C
produced a lower resistance film relative to deposition temperatures
of 450 and 650 °C [13]. However, in an interesting contrast to the later
study by Januschewsky et al. described above, Chen et al. [13] concluded
that the improved crystallographic orientation of the film deposited at
550 °C improved electrical performance relative to the amorphous
films resulting from the 450 °C deposition temperature. They further
stated that while deposition temperatures above 550 °C increased film
crystallinity, they also reduced the film's oxygen concentration thereby
increasing film resistance.
Fig. 9. Time constant, tc, as a function of testing temperature for 59LSCF–41CGO films
annealed from 500 to 900 °C.
Fig. 10. Time constant, tc, of 59LSCF–41CGO films as a function of annealing temperature
at testing temperatures of 300, 400, 500 and 600 °C. Data obtained from curve fits of the tc
data in Fig. 9.
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Karageorgakis et al. [14] used flame spray pyrolysis to deposit La0.6-
Sr0.4CoO3−δ (LSCO) onto CGO substrates, followed by annealing at
either 400, 700 or 800 °C. They did not examine annealing temperatures
between 400 and 700 °C. Following a trend similar to Chen et al.'s, the
films annealed at 700 °C had the lowest resistancewhile films annealed
at 400 and 800 °C exhibited higher resistivities. Unlike the results
described in this manuscript, there was no clear activation energy
trend, the films annealed at 400, 700 and 800 °C displaying activation
energies of 1.72, 1.54 and 1.73 eV respectively. Like Chen et al. [13],
Karageorgakis et al. attributed the high resistivity of the LSCO films
annealed at 400 °C to their lack of crystallinity [14] but they also
noted the contradiction created by the results of Januschewsky et al.
[12].
Given the previous research described above, it is possible to pro-
vide a context in which to relate the structural and electrical charac-
terization of the 59LSCF–41CGO thin film cathodes described in this
study. Structural changes in the LSCF–CGO thin films as the annealing
temperature increases from 500 to 900 °C may be divided into two
broad categories, crystallographic or phase related changes, and mi-
crostructural changes. Changes in crystallography or phase are associ-
ated with changes in lattice parameter, crystallization of the
as-deposited amorphous precursor film, and segregation of the
mixture of ions in the deposition solution into discrete LSCF and
CGO phases. Microstructural changes include: the formation of poros-
ity as the film density increases during the amorphous to crystalline
transition, the subsequent decrease in porosity due to sintering with
increasing annealing temperature, and the increase in film average
grain size with increasing annealing temperature.
Making a connection between the electrical and structural observa-
tions is possible by examining the two main mechanisms contributing
to the polarization resistance, surface dissociation of oxygen at the
atmosphere–cathode interface, and bulk diffusion of oxygen ions
through the thin film cathode. The difference in activation energy
between films processed using lower and higher annealing tempera-
tures may be reflected in the relative activation energies for surface dis-
sociation and bulk diffusion. One of the mechanisms may be rate-
limiting for films with low annealing temperatures, while the other
mechanismmay be rate-limiting for high annealing temperature films.
For example, films annealed at lower temperatures contain a mix-
ture of amorphous and crystallinematerial, the crystalline phase having
nanoscale grains. If this scenario favors oxygen dissociation relative to
bulk diffusion, then the overall activation energy should be dominated
by the rate-determining step, the activation energy for bulk diffusion.
Films annealed at higher temperatures are fully crystalline and exhibit
a relatively large grain size. If this causes oxygen dissociation to be
slow relative to bulk diffusion then the overall activation energy
would be dominated by the activation energy for oxygen dissociation.
Esquirol et al. [15] used IEDP-SIMS to determine the activation energies
in 73LSCF–27CGO, finding values of 1.39 and 1.57 eV for surface dissoci-
ation and bulk diffusion respectively. These values are consistent with
the scenario outlined above, a higher activation energy for lower crys-
tallinity films where bulk diffusion is rate-limiting, and a lower activa-
tion energy for higher crystallinity films where oxygen dissociation is
rate-limiting. However, more detailed characterization is required to
make any substantive conclusions. For example, if the films annealed
at lower temperatures contain interconnected porosity, bulk diffusion
might not be rate-limiting because oxygen could diffuse to the cath-
ode–electrolyte interface before dissociating into oxygen ions.
Regardless of the dominantmechanism, it is interesting that the low
annealing temperature films performed well at the higher testing
temperatures. The implication of these observations for thin film SOFC
processing is that for service temperatures of 500–600 °C there is no
performance benefit derived from annealing the cathodes above
600 °C. This facilitates the use of lower processing temperatures that
minimize thermal stresses and avoids damage to other SOFC compo-
nents. However, given that the testing times employed in this study
are short relative to expect service lifetimes of a component in use,
further studies are required to assess the long term performance of
LSCF–CGO thin film cathodes.
5. Summary
La0.6Sr0.4Co0.2Fe0.8O3−δ-Ce0.8Gd0.2O1.9 (LSCF–CGO) thin films
obtained by spray pyrolysis of a single precursor solution were investi-
gated by XRD, TEM and impedance spectroscopy at annealing tempera-
tures ranging from 500 to 900 °C. Films annealed at 600 °C contained a
mixture of amorphous regions and crystalline regions composed of fine
crystallites (b5 nm). Annealing above 600 °C increased the ratio of
rystalline to amorphous material, and led to the segregation of the
films into distinct LSCF and CGO phases. Two trends were evident
from the impedance data. First, the activation energy decreasedwith in-
creasing annealing temperature, dropping from 1.45 eV at 550 °C to
1.05 eV for annealing temperatures of 800 °C and above. Second, at test-
ing temperatures of 400 °C and below, the polarization resistance of
films with lower annealing temperatures was larger than the polariza-
tion resistance of films with higher annealing temperatures. However,
at testing temperatures of 500 °C and above the polarization resistance
of films with lower annealing temperatures was equal to or lower than
the polarization resistance of filmswith higher annealing temperatures.
The varying electrical behavior may be related to microstructural
changes that caused bulk diffusion to be the rate-limiting step in films
with lower annealing temperatures, and oxygen dissociation to be the
rate-limiting step in films with higher annealing temperatures. The im-
plication of these observations for thin film SOFC processing is that for
service temperatures of 500–600 °C there is no performance benefit de-
rived from annealing the cathodes above 600 °C.
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